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PREFACE

The investigation described in this thésis was conducted
between March 1957 and November 1959 at the Biophysics Laboratories
in the Physics D'epartmeﬁt of the University of Tasmania, Hobart..
This research was carriéd out during the tenure of a C.5.1I.R.0.
Studentship in Biophysics for which the a.ﬂ,thor is grateful.

The author wiskes to express his gratitude to Dr. B. I. H. Scott
who supervised the research throughout.' Dr. Scott originally
developed the plant .gfowbh meter and the methods of observing the
extracellular potentials produced by plant roots as describad in
Section I, 2. He was also the first to observe the bicelectric
~ oscillations, of period 4 to 7 minutes, described in Section I, 3.
This work has been reported in the following publicationss =

McAulay, A, L. and Scott, B. I. He (1954) - A new approach to the
study of electric fields produced by growing roots. Naturc 174:924.

Scott, B. I. H., McAulay, A. L. and Pauline Jeyes (1955) -
Correlation between the electric current generated by a bean root
groving ‘in water and the rate of elongation of the root. Aust. |
Je Biol. Sci. 8 3 36. . |
Scott, B‘.' I. He (1957) - Electric oscillations generated by a bean
root grom.ng in water and the rate of eiongation of the root.

Aust. Jo. BiO].o SCio lo. H 1640
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The research described in Section VI, which is largely sub-
sidiary to the main theme of this thesis, has been published as
follows: | | o
Jehkinson' I. S. (1958)~ Tra.nsient-bioelectric_potentials produced
by electrically stimulated bean roots. Aust. J. Biol. Sci. 4 : 485.
Pabersare in preﬁaraﬁion em_bddying the wdrk presented in‘Sec;tions
IT to V. | ‘
| The author is indebted to Profeq_sor A. L. McAulay, Miés
He Gulline, Mr. G Findlgy-,_ Mr. I. Newman of the Physics Department
and to Dr. D. Paton, Dr. W. Jackson and Mr. D. Thomas of the
Botany Departmn‘b for much helpful discussions and cohstructiye
criticism; | _ ‘

The technical assistance of Mrs. A. Fulton, Miss J. Watchorn,
Mr. D. LeSouef and Mr. D. Millwood of the Physics Department is
very gratefully acknowledged. R

This thesis was typed by Mrs. Pe Top of the Physios Department
for which the author is most grateful. The assistance of '

Miss J. Watchorn in preparing the diagrams and the efforts of the
Photographic Sect.ion of the University of Tasmania in prodncmg
the photographic reproductions in this theazs is gratefully
acknowledgede.

Ivan S. Jenkinson,
University of Tasmania,
February, 1960.
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© ' INIRODUCTORY SPCTION: THE STSADY, TRANSTERT AND



1. ;gtmauct;-anf .
In all dyna.mic systems, whether physical or biological,
which interaction of a large number of variables occurs, the study
of transient ‘and oscillatory phenomena has in general fa.cilitated

the elucidstion of the complex processes involved in such systems. -

'The stndy of the animal nervous system is a, c]essical em.mple of
this In genere.l oscillatory and transient phenomena indicate
',some instabﬂity in the ra.ther delioe.te bala.nce between different

o variables in a physiological system. S .'

The study of oscillations :Ln the bioelectric potential

pattern of bean roots has led to the conclusion that these are a

.symptom of. instability in a negatlve feed’back system of control ".". o

L acting betueen certa.in physiological variables in the biological

' organ. ' From an. investiga.tion of this feedback oscillator con~ '
siderable information about the interaction of these physiologice.l
, variableshasbeen revealeds o
In this section it is proposed to desaribe briefly the |
bioelectric potentials a.round a bea.n root 1mmersed in a weakly
conducting salt solution. These potentials, both steady and

. variable » hnve been described previously in publications from. this
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laboratory together with the measurement methods of both the
potentia.ls end the grovth rate of plant roots. (MeAulay and
chott 1954; Scott, MoAnlay and Pauline Jeyes 19555 Scott 1957;

Jenkinson. 1958) , 4
In succeeding sectlons the results of exper:.ments designed to .

| elucidate the mechanism of potential var:at:.one will be described. A

2 Special attention u:i.ll be directed to the etudy of a pa.rticular
'type of epontaneous potential variation, namely sustained bio- '
eleotric oscillations. . However it seems desirable to aumma.riee-

‘. fi_rst the beeio phenomena of the steady and variable’ potentia.le o
| "‘.'exhiblted by been roots-‘ S
2. Bperimental Material a.nd ﬂethog_g -.

"The material used was a Long Pod variety of the broad bean L

Vicia. faba L., which was grown in eontinuously circulated and
| _' aerated tap-slater et 25 C. P]ents 2—3 days old with roote about
4 ‘cm. long vere used - in most experiments. ' ' V'

The plant under investiga.tion P was mounted vertically in
the measuring tank with the root, but not the cotyledone ,immereed
in a bathing solution of 10™*M KC1 (Figure 1. The bathing mediun
: :wae cont:!.nuouely replenished and circulated by freah aerated |

‘ solution. " The tempereture of the ba.thing solution was -
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thermostatically maintained at 25 + 0.5%. | |
Bioelectric potent:!als were measured by means of probes -
consisting of lengths of- tra.nsparent Tiylex® tubing X. (21mn bore) .
the ende of which were placed close to the surface of the root. at
various poi.nts along its immersed length (Figure 1) » The other
| end of each tube dipped into en insulated plastic cup C, the cups '
- and tubes being Pilled with the same solution as that of the bath.
ATubes cane from five points nea.r the plant while a sixth came
: }. from a distant point in the bath thus acting as a reference Z6T0 . -
A'of potential Each of these cups vas connected in turn to the -
-measuring circn:.t by meane of a liquid-switching arrangement.
"'.-Aseociated uith each cup ‘was a glass bridging tube B (also '
Ifilled with the. KCl bathing solution) which could dip into C
and ma.ke a connection toa sma.ll bath R, insulated from the main
| bath. The bridging-tube made thie connection vhen the solenoid e
S, ‘on which it was mounted, s energised. One of the . calomel |
half cells E dipped . into the ba.th R, the other into the ma.in '
bath at a poi:rt distant from the plant. These were connected
to an electrometer,the output of which was fed to a Cambridge
B eix chiannel quick-acting recorder with a maximm full-scale -
deflection of 1 m.V. | g
This recorder produced dots of different coloux_'s' to ﬁstmguisn



FIGURE 1 -

Schematic diagram of the measuring bath to
illustrate the liquid switching arrangement.
For simplicity only one of the liquid-
conducting paths from the plant to the rear
bath is shown (From Scott 1957).

FIGURE 2

Apparatus for making automatic records of
plant root potentials (From Scott 1957).

FIGURE 3

Measu;'ing bath showing a bean root set upfor
measurement. (From Scott 1957).
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the different cha.nnels, the time between successive dcts 'beinj

~

o 5 seconds go that ea.ch channel was recorded at half-minute

intervals. This was synchronised m.th the energlsing of the
liquid bridge solenoids so that potentials at five points along
the plant root and one a‘b a ddstanfo indifferent point were

o measured at the half minute intervals. f'or most experfrmemts “the
chart was driven at "bhree': imches» per hour. Figure 2 .shows a
photograph of - the whole apparatus whilst in F:.gure 3a close-up
is ehown of a pla.nt set up for measurement.

Figure 4 shows the electrometer circuit. usmg a pair of
matched ME 1400 valves :m a balanced circuit, deligned to be as ’
: _insensitlve as possible to chenges, in_ the high and lo_w'temsion .
. supplies. Currents fiowi_ng in th_e impuﬁ ‘of this .stege i,rere never

"12 amperes under measurement conditions . '

. greater than 10
Growth rate meaeurements were made with the equipment ahcwn
in the photograph of Figure 5. The principle 1is indicated
 diagramatically in Figure 6. Potassiun chloride solution
(flO"”M) from a constent head of about 12Q cn of water flowed
along a tube in which there were two constric‘l';ions X and Y which
restricted the fiow of wa.ter by a.hout the same amount. The
constriction at Y was varlable ’ being covered by a flexible flap

against wh:lch the root tip pressed lightly.



Circuit diegram of the electromster stage used in
the automatic recording apparatus. (From Scott,
fh.De ms&a, 1956)'
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Apparatus for messuring the elongntioi: rate of
plant roots. (Fram Scott, Ph.D. thesis, 1956).

EIGURE_6

Schematic diagram illustrating the principle of
the growtherate meter. (Fram Scott 1957).
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‘The method utilised the fact that a small increase in the
| resietance to the flow of water at ¥ caused a consi&erable |
' incl'ease in the we.ﬁer pressure between X. and Y. . This indrease )
caueed electric contacts in the mercury m‘a.ncmeten to ¢loss, thus
actuauing the 1lift mechanism. This raised the plént through |
ba.n increment of 1 thereby reduc:.ng the pressure on the flap and
. brea_k:ing the electric contact in the manometer. Thus the growing
| plant vas raieed:in:m steps each time the manometer contacts
" closed. | |
The 11i‘1; mecha.nism employed a screw and rachet of a Cambridge
'“rocking-a.rm microtome which was operated by a solenoid. 'The
solenoid was enei'gi"ed by an electric pulse from a relay circuit
~' each time the manometer contacts closed. If a single (U |
elevation of the plant vas insuffic:.ent 1'.0 break 'bhe contacts .
(eg, if the root greu severa.l microns suddenly) it vas arranged :
that oulses from the rele.y continued to energ:.ae the scleno:.d |
at 1 or 2 second intervals until _the contacb broke. : L |
- The number of growth increments of 1t occurring each minute -
"was recorded on the same chart as the potential meaaurements.
Each pulse from the relay turned the moveble contact of a variable
resistance through a small consta.nt. -angle.. A constant - current
was passed through this resistance, consequently the potential - |

across it was proportional to the number of growth - increments.
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was; . - Co
" This potential registered by the recorder sach minute, one of its . .
cha.nnele being used for this purpose. The integrator then
automatica.lly reset to 2ero and began counting the increments |

'during the next m:I.nute.

Figure 7 .:hows the general pattern of potentm}s along a ple.nt.
root immersed in a solution of 10“'14 KCl. For this plant the
'root was immersed by diﬁ'erent amounts. It is appa.ren'b that the
. pot.ential pattern is emila.r in form for oach case but it is
. expanded or contracted depend_ng on the length of root. 1mmersed. ,‘ -
In all cages the more mature regiona of the root are electro- ‘

' positlve with respec’t. to the less mature perts, Moreover the -
. total potential along the root inc‘reases m.th the 'leng'bﬁ of root
'immersed. R ' _

" Scott, Me&ulay and Pauline Jeyea (1955) have shown that the
: potentials adjacent. to poi.nts along the roo‘t. are produced by the
continuous flau of bioelectrlc current flowing out from tho more-
mature reg:x.one of the roo‘b, ‘through 'bhe bathing solut-io:n and
returning to the plant at the less mature root tissue neorer the

. tip. The ohmic drop in potentidl along the current circuits in the

| . bathiné soiution; congtitutes the measured bioelectric potential.

~ Hence as the length of root immersed is increased, the total amount



Relation between the root potential (v) and the
distance from the root tip (d) for .a.: plant:
immerse@ by different amounts as indicated

on the graphsé

EIGURE 8

Time courses of spontaneous extracellular
potential cscillations produced by bean roots.
The distances (d) along the root from the tip
where the potentials were recorded, ure shown.
In (e) there is only one phase roversal along
the root while in (b) there are twos
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of bicelectric cur"ent increases a.lso, thas increa.sing the total
potential -along the rOOu. |
The potentiala observed at d:.fferent pom‘bs along the root

,occasionally exhibi'b regular v'ariations in the form of sinusoidal
oscillations. These Spon‘baneous oscillations are auperx.mposed

on the steady potential pattern of the root. Figures 8(a) and

(b) show typlcal examples of these sustained potential oscillations
at various points along the length of the plant, The amplitude
and phase of ‘the oscillations.'\faries with position along the

length of the i'oot. The most active region islneafly always
within & mn. of the root. tip, uha:h is in the regions of the root
containing the mer:.stematic and elongat:mg tlssue. ' In Figure 8(a)
the osc:.lJa‘b:n.ons at t_he tip are in antiphase with those nearer _
the base of the root whilst in Figure 3(b) the oscillstions 7 mu.
from the tié, besides being largest in "a:mplij';ude,, are also.in
 antiphase with the oscillations at the tip and at the moré basal

. rfegiops . ' | }
Such phase reversals are to be expected since & rise in

" potential of the water near one part of the Toot mst be accompanied
by a fall somewhere else along the root, if the elecftx;ic current
' leaving the root is always to balanca rexactly the current entering
ite As large amptitude oscillations are often observed near |
cnly a relatively small region of the root it appears that the
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; active acurce of the bioelectric oscﬂlat:.ons is confined to this
region, ot.her parts of the root being larpely ina.ctive and
exhibiting smaller oscillationa merely because of -the return path

of the oscz.llato*'y cur-'ent through them. '

" 4e The Tréns;e'ri’g gqt'entia._la of Bean Eoots _‘
For plants which show. no spontaneocus osci]latdrj ‘potential
activity, damped potential oscz.lla ions can frequently be evoked o

by stmulatlon. Fol:l owing such treatment. as mechanical or electric h

~:,s'!s:’..nn:z]..ed‘.:n.cm, sudden changes in sal’o concentx'aulon of the bathing

solut:x.on or: exposure of the root to air for a ahort» tma, .,he

poten‘b:.al pattern of 'hhe root 18 changed quite mavkedly. &fter-- SR

the stimulus is removed, the pla.n‘a tg potential pattern recorvers
even‘aual],v to a ateady state, not s:LgnJ.fJ.cantly dz_fferent. from
| that befora atmulatlon, prov:Lded 'Lh:Ls is not too g,t'eat. ) Dur:mg
. this recovery time the’ transient potent:.als oftan exhlbit over-
shooty and danped oscﬂlations.
The potential oscz.llatlons appear to be of two types, _

frequently appearing together in the same trans‘ieni; (7 enk:msoh, "
1958) . ~0ne“'bype_ ig of approximately the éa.ﬁe periodicity as the :
spontemeous' potential oscillations viz. 4 to 7 minﬁtes. An example
is shoun in F:.gure 9(a). In cases uhere sponta.neoua oaclllat:.ons

appear, the transient potentlal oscilla"ions are of the same per:.od.



{(a) Transient oscillations of short period
similar to that for sponisneous oscillations.
(b) Tronsient oscillations of langér period.

(c} Transient potentials showing both types of
oscillations (a) and (b).
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Hence this t.ype of transieént oseillation may be identified with
the- spontaneoua c]ass of oscillations.

The other type of transient osc:.llation varies in periodlcity
from 10 to 100 minutes for different plants. In some’ c:ases t.he
period varies from point to point along the length of tne root.
An exémple of this _'bype of slow damped ogci].'l.afion is shown in
Figure -9(b) . Prequently however the two types of osniuatinns
occur. together in tra.nei'ents.- (Figure 9(c)). This suggests
that the two oscillations are the result of different processese.

 Although Scott (1957) described an oscillatory component
in the rate of root elongation in some ingtances, these growth -
oscillations were not correlated with potential oscillations.
Thege oscillgtiona in gi'outh rate did not occur at the sane‘ time
as ’t.‘he' potential oscillations. and were moreover of considerably
‘longer period (15 to‘20 minutés) than ‘the usnél poténtial
oscillations (4 to 7 minutes). In transient potentials, long - |
period oscillations have frequently been observed but accompanying

oscillations in growth rate have not appeared.
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Te ;1_1‘ troduction

" The intracellular potentials of 1living tissue, unlike the
extrécellular ﬁoténtials described in Section I, do not necessarily
require the floxl.x'of bioelectric current through the tissue.
* Membrane poteﬁtials,, such-as.those vin nerve cells and large algal
cells ’ resuit in part from diffusion and polarization procesAses
which require no nett current transfer across the cell membranes .
| The Donnan sya'bem in cytopla.sm a.lso results in the appearance of .
.evle.c,trjl.q p_o'b_eptials;awoss the tlas{xe.- ~ From a study of .the
intracellular po‘l".entials further knéwled'ge. of the eie;.ctlx‘ophysio—
‘logical prpceaség conti‘ibuting to the s*i'.ea'd.y‘. eibracellgjar
_potentials and'~1.:he produétion of potential oscillations | should be
gaihed.' : In- -addi;bibn i{; would be expected that such an investi-
gation might reveal further informafsion regarding‘ the morpho-;-
logical position of the potentisl oscillator in the roobe

Some large single plant cells such as the algae Nitella and

Chara produce act'ion potentials when stimulated (.Osterhout_. 1931,
1934, 19363 0Oda 19563 Findlay 1959). Oscillatory potential
behaviour however is seldom observed in single plant cells whilst
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it een"be-' quite marked in-plant'eell aggi'ege;tes.' This is -simi_‘l.ar
to the situation .’m e.nother cle.ss of tissue, namely neurel tissue
in which the characteristic response of sin.gle nerve cells is the
_ impulsive action po‘bentie.l and not austained potential oscillations.
Aggregates of nerve cells,interconnected by synaptic Junctione '
- houever frequently exh:l.bit epontaneous potent:.a.l oscillations, the -
| Alpha Rhythm of the brain being a 'bypical example. I is con~ |
sideréd that ection potentia.l responses in s:mgle nerve eells a.nd '
';epontaneoue oecillatory pctential behaviour in aggegates of
»'neurenes are intimately related phenomena (Eccles 1953) . Hence
- the demonetration of ac‘tion potentials and their possible .
transmiseion from one cell to another cduld be most mportant in
elucidating the origin of potential oscillatione in plante.

2, merim@tai gethod o

The pla.nt under investlgation was placed horizontally ona
_perspex mount with a suitable chennel cut in it to e.llow the bathing :
eolution tc- flow over and along the plant root (Figure 10) To
- facilitate the moun‘oing of the root, most of the cotyledon
material was usua.lly removed, ‘leaving only the, plant root lying
‘a.long the channel with the grouing etem and the rema.inder of the

_cotyledone a.bdve water. This treatment was found not to affect



EIGRE 10

‘Experimental arrangement for meesuring intracollulir
potentials ehowing the plant. root, perspex mount,
solution 'flow, diaftant reference electrode, extra-
cellular and intracellnlar microelectrodes,.
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- either the extracellular or the thitracellular potentials in any
o The b&tmg-solutioa' flowed aﬁay from the plant via a distant
‘ 'refere;iee electrode as she@..in Pigure 16. " In this wa.ythe ‘
 saturated ',K'Ci solution in the ‘calomel halfcen (the.die‘?.axiﬁ |
-potea£M"ré:éreﬁ¢g)' ‘vas ;'séevepﬁéd'fziom mixing with the requited
" bathing sblntioﬁ'appue& to the pz,anﬁ.' To ensure that the Kci
solut:.on :in the ealomel half cell was saturated, an excees of KCl
-?.':_crystals vas mamtained in it. o - |
| cooIme emne experiments the mtrace]lular potentials uere measured
| ,with reepec‘b to the distant i.ndifferent reference eleetrode whﬂe
b-:in others, the potential we.s measured be’t.weenthe microelectrode o
' inserted in the’ tiesue and a.nother microelectrode placed close 'bo '
i :the surfaee of the roo‘h but etill i.n the ‘bathing. eolution near
‘where the probe. ineert:.on uas made. ' In the latter, only the |
‘potential acrose the tissue or the transverse tissue petential wa.e
: measured. ‘ ‘rhe ﬁ.ntracellular potential, measured with respect to’

.'a dz.stant reference, 15 the ‘sum of the transveree ta.ssue potential S

- and the extracellnlar poten‘bial at the point on the eurface where -
: the microelectrode wag ineerted. o | '

| The manner: in which the pla.nt was mounted for. intracellular

' "'poten‘tial mea.suremente was rather different from that ueed for

|

pur.ely, extracellular mea.surements. 5 In the former it vas mounted
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horizontally ra_theé than vertically and part of the root rested
a'gainst ths‘ perspex mbunt.- However, "it was found that the
potential pat’oern along the root when mounted for mtracellula.r_
recording is the same as that for purely extracellular ‘Measure-
menbs, Gonsequently it wvas decided that the results of int.re.—' ‘
cellular a.nd extracellular investigationa are comparable.

Intracellular poten‘biala were measured by means of micro~
) eiectrodes made with pyrex glaasvtubinga . After being immersed
in bpj.ling.chromic'acﬁ for several hours andthen ’wévshin’g. with
dist;illed water, the 'glasa .‘bﬁbing was a.llowed to dry thoroughly.
It .\;gsthen drawn first{ :m a gaé flame a.nd then on a de Fonbrune.
microforge. The tip’-dia.met'ers varied froh 3p. to ‘idu. Experixﬁent's
a ea.rried ocut with microelectrodes thicker than b}.!. were :’mvaria.bly U
- ‘checked using ones finer than 5ike In general the r}esul,f,s‘ were
— 'found to be ‘ agreemen‘h. | | .
' Potaasium chloride solution was used to fill the microelectrodes »
' the ‘concentrations used being -0.1 s 0.3, 1 and 3 M. 'The results
obtained at the different concentrﬁtiohs were found to be in agreé- |
menf‘{ : Concentraticns of 0.3 M and 1 M were nééd in most
experiments. N
A The distant indifferent reference electrode (a calomel half cell)

‘h.as a.lready been described. The microelectrodes were connected

~
)

N
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'to calomel half cells also conta.mmg sa.turated KGl solut:.on with
v'excess crystals to ensure this.
| The po‘bentlal to be measured was i‘ed 'ho 'bhe input terminals ,
of a Vibron electromster, the ou'bput of which was either rea.d
- direc"aly from ‘the meter on the front pannel of ‘the instmment or
fed to a smgle channel Evershed a.ud Vignoles recording milli-
L‘a.mme-ter.. The full scale deflection of this recoréer vas 1 mea. |

The response ‘bime of 'bhe V’;lbron electrometer U&S less ‘bhan 0.1

R second while that of the Evergahed and V:.gnoles recording m:LU.t-r

ammeter was about 1 second., A chaz'b speed of 6 inches par hour
‘ff‘was used in. mo.,’c experiments. o )

| In some experments :Ln which very rapid changes in potential»
""were measured, anotbsr T‘vershed and V:.gnoles recorder, having a’

| 'response time of less than 0 1 sec., vas used. A charb speed

' of 0.5 mches oe'ﬂ seccnd vas used for this recorder.

) 3. E jm‘ Potegtials and S_gontaneous Intracellu]ar go‘téntia,ﬁioﬁ
As a microelec’brode is belng :.n.,er'bed in the plant root

‘ ‘bisaue it is possible to determ:me when t.he probe tip passes from: 3
one cell to the next because of the considera.ble mechanieal force
irequired to dr:l.ve the t:Lp ‘bhrough the ‘bough cell wa.ll,,. By *

B »referrmg to Figu:re 10 1t is seen that the plant root 15 secured. .
‘to 'bhe moun'b only at the basal end and is free to move, by bendmg,
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a.lo'ﬂg .th}e,res't" q'f its Iéng‘bh.i - A&s é.-probe_ is pi‘ég‘essi}frely'
ingerted through.tﬁe root tissue 1t is found that the probe tip -
enters the' ‘tissue in a su_ccession qf jumps.,v eac.h jump ‘occu:c(ring as
the probe tip pierces a cell wall a.nd so enters a .n'ew cell,  In
| betwean these Jumps the plant root bends slightly in the direc"ion
of the force applied by the nrobe tip being pushed against & cell |
wall before piercing 1t - Further,the potential recorded by the .
' _pr.o.bg ,changés abruptly wheﬁ each succeSsﬁ_'i_ve .cell_iisfen‘bered. ?
While the probe tip ia ins‘ideﬁ particular cell the ,p@teﬁtm ::.s
oﬁ dependent on the pdsitim' .c;f the pz;obe tip m‘bbjn that cell.
This lS 1llu..traoed in Figure 11(a) which ahows the variatlon of : )
the i.n'bracellular potential recorded as & probe wa.> dnven radja.‘l_‘ly
'throubh the root ‘ﬁissue a.t a consta.nt rate. In ‘bhia case the ‘
'plant root was supporbed from the. a:i.de opposife to tha‘b in which
tbe probev was inaerted. . In this way no mcvement of the oot
.occurred. It is seen’ that a9 the probe pasaes from one , ce]J. to
another the potential decreases euddenly, then remains at a st.eady
value for that cell. It .is apparent however that the potential
changes, which ocecur from cell to cell, decrease as the probe |
passes farther into the tissue until the potential erventually remai.ns'
a‘b a steady value for a large number of cells.
After a mcroelectrode has been inserted in the root t:.ssne

the recorded potential varies in a characteristic manner for a feu



(x)Potential tims course recorded as a probe was
driven radially through the root tissue at a
comstant rate, the plant root being aupported
so that no bending occrrred. "

(b) and (c). The characteristic potential
 varistions which occur when & probe is i.nserbed

in a plant root cell. 4

() sponta.neaua intracellulay potential variations

cbaserved in eépidermal cell.
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Thia is shown in I‘z.gure 11 (b) and (c)° s the prqbe is
".inserted the potentn.al suddenly becomes negative. T’vlen after the .
:lnser‘aion is completed the pouent:.a.l cen‘t.ﬁmes to decre&se (:L.e.
becares mo::e negative) for about a mnute un'b:x_l n.t rea.ches a
mc.ﬁmum negat:.ve value. '?he magnitude’ of the potential then
) decl:mes (1.3. 'bhe po‘benﬁa.al becomes 1 ess nega'bive) for some. five
. or tan mimztes. - Ih 'tnen' att aim & stead;{ v&_ue wh:i.ch remams
unaltared for saveral hours, except for- slou fluc‘buation about
j _?the medn, | The. decline in mg,ni‘bude of the poten‘bial from the
maximzm negative "value goon a.fter insertim is uau&y less thaﬁ
50 percen+ of.‘ the po‘ben‘hial of that cel.‘l. uith reapect ‘l-o its .

. '.nearesi‘. oute:c' ne:.ghbouring cell. This pOuen‘hial effec‘b is '
| ;_ essentially the- same irrespe&tivo of whether the potem:z.al *‘eoorded ‘
'bhe transverse tirssue pment* al or the intz'acelltlar potential
' with respect. to a d.s’hant referenoe. Thi.: potential ac‘biv"-ty
‘after probe insertion has not been fonnd %o depend on the concen— _{
| traticn of KCl ins..de the probe nor on - 'the diemeter of ‘the nrobe ,
‘tip. " This suggesta tha.t it is not msed. by diffusion of KC1
from the probe tip in'bo the cel'l. but merely results from the
v s‘bimulus or inﬁury occagioned by probe ﬁnsertion. : Gonsequently
; this potent:.al varz.atiun could be termed en injury poterrbial. |
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Occasionally spontanecus potential ‘,.act'ivitj similar in form
to the injury potentials is observed. . This is shown in Figure
11(d) In this case it is seen repea‘bedly that the pote’xt*:a.
suddeﬂly becomeq ‘more negative emd ‘then reenvers at a slmrer rate, .
~though the recovery ma.y be only uaraial befors the next negat:.va- "
going spike occurs. Th:n,s ty-ne of potential activity is ajmila.r )
to @e inh.ﬂvitory post-synaptic potentials in rerve cells. It is
hovever quite. d‘ifférent f'rnm. fhe‘action‘ noten+.'.ala .obgerved in
J.arge algal cells which reaemble the excitatcry potent ials in '.

nerve cellse -

Al‘hhough these sponta.neous ac‘bion potenb:l.als na.ve nean ooserved,
L atbempts to evoke simuar poten‘oiat:.on in responsa 0 o.epolar:l.zing

. f:a.nd hyperpolarizing canen‘b pulses have proved d:.sappom‘bmg..

' Pkperiments were carried ou.t in-which a double-—be.r“elled mlcro-
alectrode was inserted- m a cortical cell ana s»mxﬁ.atmg pulses~

' of depolariz.mg and kvperpolanzing cun enﬁ applied Lrom one s.:.ae ‘ |
of the double m.n.oroeleotrode. The intmcmlulal po*bent.v.als
recorded by the other siﬁ;e, with regpect to a ch.atanu r.eference_,
‘are ‘shown for a typical case in Figure 12(a). In: this case

o tiepolé?izing current pulses of differéx"xt strengths é.nd dnrat-ionéj

were applied successivelye. The 'relaﬁive ‘current strexig’ﬁha and |



Intraceliular potential responses observed in a cortical
coll vhen depolarizing current puleses of different

- strengths and durations (shown schematically by the
dashed lines above the recards) applied in (s)

_ the cell where the potentisl was recorded and (b)

in a cell about 1 mm. distant from the cell vhere

the poteutinl was recorded. . Hyperpolarizing pulses
evoke potential responses of the same form but of
opposite sign. |
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» durations are ehown by the dotted 1ines on the record After the

_ pulse is applied, _the intraeellular potential gra.&ua.lly changes in
“the sense of the e.oplied current pulse. - If 'bhe curren‘b a.s agplied

suffi.cientl" long,the intracelluler potential rea.chee a new eteady

value dependent. on-the current st*‘angth applied. - Thie is shown -

© in the leat of the series of F:Lgure 12(8.). : When the current pulse '

| "ie removed the potential beﬂ:’ms to reoover i.nnnedmtely a.nd eventua.lly
retums in a.n exponen‘bial nanner to ‘lt.s ocriginal steady ve.lue. e
Hyoerpolerizmg current oulses evoke potent.ial responses o£‘ the ‘
‘eame form but of the opposite sign. The potential reeponse is not ’
pure]y ohmic in that eome integration effect occnrs (capacit-ive effec'b) _ )
"--but there is no “"a‘et»ion“ component in the response. For all -
regions of the plent whether meristematic, elonga'bing or mature,
the Tesponse is the sames . : _ '

n When the atimu.lation probe is enatielly sepa_rated from 'bhe v
' recording probe a tote.lly d:Lfferent responae is obaerved. Figure 12(b)' ) |
shows the intracellular responaes of a cortical oell to depola.r- "

_ izing pulses applied in a cell about 1 mm. auay. . The response is '

| t.he same 1n form but decreases :Ln magnitude as the recordmg {)robe
.48 moved furbher from- the atimu]etor. When the pulse- is applied, -
the potentia.l cha.nges in the opp051te sense from ‘that in Figure 12(a)
The potential change reaches a maximum nega:bive va.lue and then

B begins to recover toua.rds ite‘«fomer resting value even while the |
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curre.lt is ‘still appl.x.ed. l-zizen *hhé‘ current is Temoved the pobential
recovery prooeeds at a faster rate bub ‘overshoots tnis value before
eventua.ll’y reccverhm completely. .Current pulses gpplied in the
éppoéiﬁe sense (ig. hyperpolarizing) again evoke potential respanses
ox the sane foru. but of the oppos:z.te iga. .'T-he response is again
'tb.e ssmemallpartg o.f.'thc roo’b. - ’ A
This response is obviousl 1y not »of:xm:ft.c. in ot-igin‘"forﬂ‘the potential
cmange is 2 tne opposrbe sensa fi‘om'thai; of ’c.ha‘iapp.lied‘ curre.nt., |
degs @ depo...arizmg curreﬁf- puise évolts.s a hypsrpolarizing potenﬁial g

- effects’ Ia has the general features of a polarization effect and, -

T although quite different £rom tb.e reaponses in Figure ‘!2(a), there

~ewe aoain no action potantwl fentures.

| 5. Stesdy @tra.gl vlar goteqtmls
The potential pamern :lnside plant roots has heen &etermmed

b'y measur:mg the potentials ma:.de successwe cells au P probe is

K . inser d fu’s‘b ia th.e spzdsmis and then progrea..mg tranovergely

from cell: to cell through the ti..sue. For- d:.fferent dista.nces
'from the. root tipy Table 1 shws the po‘ben‘bia.ls of suecess:we
cells as a probe is passed transversely, beginm.ng at the outsgide
bathing solutinn (No. 0) into the first or ep:.dermal cell (No, 1),

then the second, or f£iret cortex cell (»No. 2) and o on. These



TABLE 1

STEADY INTRACELLULAR POTENTTALS RECORDED IN
SUCCESSIVE ROOT CELLS |

Gell No. V (2m) V (3m) V (5m) V (10mm) V (15m) V (20mm)

] A 4 -10 ~10 +2 +17 +32
v a7 33 20 48 AT -5
2 -3 A1 32 2 -32 31
3 B R Y T
4 £0 56 -8 13 49 -2
5 €2 51 <60 80 56 -52
6 -2 57 61 80 | =57 -58
7 &2 51 61 80 57 58
é 62 1 41 &0 57 -8
9. 62 57 61 80 57 58
10 42 - 61 80 51 58
M 42 51 61 80 57 58
Approximate

Cell Thickness -30p .32 35 A5 504 . 501
(Average) o
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: po’ccr‘ﬁla.l“ wers reco:ded m.tp respec‘b a digtent efeﬁ*ence amd T

| vere . measurad c\nly ;i‘ter tha p)uenoia} of sach ea..l he.& attalned

S steady valuc, i.e‘ after the _cell had recoverad J.rom tb.r} Injury

ca.u.,ed by nrobe .Lnoer’u;:.m. &lmough the call uhi kmesuas vere:
nob’ mcasured precn.fsel:;r, the .wvemga thi c?mesq te.&cn :.or a nm.oer '
- 'of aucces ive cej.la was maasured by tn.a cb.stanee n*aved bv the probe
'- hhrcagh the tissua. f g - B L '_ .
| In Flm.re 13 Ehe pouen‘oial dé’"a' ébtajm&d from t?ze' rasulty -

"yabuluted fny Ta’ole 1 a:ce shown plot bed aga_n la.ueral dlvtarca i

D f’throng‘* ‘hhe root 'i.._ssve.m ﬁuain it is seen that the’ potential

mangc from’ cell to cell lS ﬂreacesb a:’:. th,e mrfaca of 1',3 e roo‘b and
: 'di.dnz.-snes progr' ssrive'lv unroufn t} e ti sue 'y the po'bantial eveatually _

Arc'na.n.ncr at a ﬂonstant value meapective oi‘ "he poc'ition inside |
| g the Toot tzssue. Fuwc.her it is apnarent that. the potential nattern
e i,. sunilar fcr a'!l morpholog:.cal regions of the pla:nt roo’h wiéther
--'Imern,stemattc (2 mm\. elongating (3 and 5 mn) or mature cells L

,,'("to, 15 and 20 mm)e | R

, 3mce the: mtracellular poten‘buals aze negat:we at all re::ions
,.of the plant root, 'bhev camnot. e caused enta.rely by electric o
currezrbs passing ‘bhrough the roo‘b ti.ssue. ) For Af this were so it
would be necessary for a c@tmuous- cu;_rent to pass from the '

bathing medium into all parts of the root which would Tesult in



Steady potentials both extracellular (left of vertical
dashed line) and intracellular (right) measured in
suscessive cells with respect to a distant re"eranee.
These potmtials are plotted agsinst the depth in
the tissue determined from average coll thicimeases

. in the root regions where the potentials were
measured (see text and Teble 1).
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(a) Oscillatory extracellnlar (top) and intra-
' cellular potentials recorded at various
depths in the tissue, 5 mm. from the root tip.

(b) Oseillatory intracellular potentials recorded
at various distences along the root from the
tip, ab depths of 100 inside the tiscue.

In both (a) and (b) the intracellulsr-potentials
vere recorded shortly after probe insertion.



Sm.m. from Lip s00 . nsertions

¥
Om Z »v.rm

ron 7’\/6\ /\/—\

2 m .
om.V.
20p.40 (epidermis)
=~ A0 ™

ava '

2004¢.
-s00 V.

~70m. Y

}

3004
<7 -
/ /0 rem. /
20 m. V. '/M[
/10 sove,.
/3 ».vva.

(a) (b)



(a)

(b)

EIGURE 15

" Relation between double emplitude of spontaneous

potantial ogcillations and depth in the root.
tisone, 5 mm. from the ¢ip (data obtained from

Tigure 14(2)).

Relastion between double amplitude of spontaneous
potential oscillztions aud distence along the
root from the tip at dspths of 1008 inside the
root vissne (data obbained from Figrre 14(b)).
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: Various positions a.lung the root length. ‘I‘he' os'cillations' of
max i amplitude occu.rred at 5 mm. from the Toot tip. ) 'Fjgur_e“e.
15(a) and (b) show the data obtained from F.‘..gure 14 relating o
amplituds o position in the rost, Again it is evident that the
‘amplitude of t.he spontaneous oscillaticns is greatest at about |
5 m. from the ‘tip and at & depth of about 1004 inside the tiasue.

- These results suggest that the bioelectric osc:lllator is
morphologically situated 4n the region of imature cells which are
actively elongating. Further',-lth.e-'mmm ‘amplitude of thg
- sbontéﬂeaﬁé‘ voéciliavtions Béciii‘é' ir the -out:ei-' cortical cells where
the stea.dy potentia.l differences from cell to cell are greatest
'emept for the' epidemis Even in the elangating reglon the |
~epiderma.1 cella are relatively ma.ture compared wifh those of. the
corbex. Hence it may be concluded tlw,t the cellula.r conditmms
associated with the bicelectric oscillator involve immature - l o
elohgating, tissue with relatively la.rge potential changes from .
cell' to cell. '
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. INVESTIGATION OF THE FEEDBACK LOOP RESPONSIBIE = -

R SPONTANEOUS OSCILLATIONS IN POTENTIAL =
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1o ;gtrodnction L , ,
m blological systema, rhythmic and oscﬂlatory phenonena, both. o
damped a.nd snstained, are frequently observed. Many of these, o
‘auch as photosynthetic‘ activity in plants, ~openi_ng and eiosing of
flowe‘rs 5 vle'a.f.’ mdvementé, fobd cbnsmnption and sieepiﬁg ‘habits of
animﬂs » &re directly related to rhyt.hmic or oscillatory va.riatlons
in the environment such as. 1ight a.nd temperature, of the plan'b or
Pit'bendrighl} and Bruée (195‘7) have‘ Analyaed‘ in aétéil the
eclos:.s.n rhytbm of dn.urnal periodicity in Drosoghila. ‘Altl{ou'gh_
they find that thJ.s rhythm has endogenons characteristlca, it
| appears to be quiteﬁa.stmct from rhythms of much ahorter perlod-
icity totally _unrelated to environmenta:‘l.‘ variations. Such purely
 endogenous rhytims kclude ‘the spiraling of tendrils in clisbing
planﬁs, the circulatofj movements of roots , the .oza‘cillg'bory stream-
ing and electric potént:l:als ‘of slime moulds and 1’.119~ oscillations
and repetitive activity in the electric potentials of membranes and
neurone aggregates in the animal nefvous system. The. oscillations
in the i:otentiala of plant rbots come into this category. |
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Aithough it seems probable that the basic mechanism underlying
.many of the endogenous rhytlnns is the game in pr:.ncrple, the de-~
tai.led physiologlcal aspects are very different. It. is proposed
to describe some of the euggested mecha.nlems of ve.r:n.ous endogenous
rlwthms which appea.r to be physiologieelly unrelated but in which
the same inherent principles are involved,

_ | Erom voltage clamp exper:lments on the membrane of the squid

gl.a.nt axon Hodgkin a.nd Huxley (1952) derived empirical expressiona ‘

relating the pot.ential to the godium and potaesium conductance of -
{;he memorene. . These express:.ons predicted very accurately the -
'obaerved i,action poten'biels' and oscillatory behaviour'"'.of"the membrane'

'pet'exrtial. However the fundamental process underlying the

 oscillations vas iscribed to resistive, capaeitive and mduc'tive
impedance properties of the membrane as suggeeted originally by

Cole (1941) . Arvanitaki (1943) and Sjodin and Mullins (1958) _

have also described sustained and damped potential oscillations as-
well as repotitive potentietion in the squid giant axon by means of -

an equivalent ‘eircuit containing resietence, capacltance and

. inductance. _ ‘

Although ‘bﬂe resistance and eapacitanee of the .membrax.le are
phyéieally real,' there seems no phyeical evidence of real inductance
in the membrane.. ' ﬁence although its electrioel.propertiee may be 3
formally described by means of an inductance circuit this can only
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be reg&rded as 'a.n- equiv’alént circuif. Howerver -an alternative

) exglanat:.on has- bean suggested by Mueller (1958) who showod tha.t

' many features of 'bhe excltatory potentlal activity of the smgle

. nodes of Bgn_g_i_ can be s:lzm.xlated by & i‘eedback eontrol ayauem
involving time delaya be‘bween the interaction of the poten’c:.al,
chemical equ;liorium and - the electromotam,e (i.o4 depola.nzlng and - A
’ repolax’izing p”ocessea). By vary“mg 'bhe parameters of “the i‘eedback &
H system, many complex features of the pmential va.m.ation can be |

: exple.med. These features inc}.ude the latenc'y, refre.ctory period,

'prolongation of the ac'b:.on potent:z.al i.n hypertonie solut::.ons a.nd

| poteﬁtiation under vazious cond.q.t:.ona of externally mposed curren’c,

ionic and osmotic vonptitu ion. %en the feedback system is -

f unetable, rhythmic ac’c:w:Lty in the form of dmnped or sustained
potential oscillations a.nd repet:.tive ac‘b:.vity is predicted.
7 Oscillationa in the elecrbric potent..al of neur one aggregatea "
| in the’ eentral nervous °ystem and brain tissue are qu.;te common

- ‘é.g the a.lpha rhythm in brain cortex. Eccles (1953) suggested
‘bhat these oscilla.t:.cna could reault from the interconnection of a
_ large number -o_f neuronea fom_ing a clpae_d qircui‘.b which is self- =~
: energising. Pétéhﬁiai activity in one neurone will evéntually
cause synaptic excita'bion of many other neurones in the clrcuit, |

the_re being time delays of about ;0.5 mﬂlisecond_a at the synapses.
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{Coombs,. Ecc;lesvand Fatt, ?!9'5.5)1, I‘ﬁis 't.ype of feedba,ck systen
could well produce sustained pbten‘l';ial oscillaﬁions » the periodicity
- depending on the s;ynaptic dela,y*‘ an.d the interc..snnections of the
" neurones in the aggregate.

Adolph (1959) ana.lyved the human antagonistic extensor-flexor
aystem of the leg in terms of & nml‘biple feedback loop with time

delays in the interaction of nerve a.nd muscula.r responeea. The ‘

feedhack syatem is shcwn o be gtable except in cert‘.in pathological o

: ccnditlons when oecillatory behavicur, manifested as mzcular tuitch, :
results. | _ » | '
Fhen & narrow beam of liglt of suitable constan‘b intensity is
focussed on the outer edge of the pupil of the eye, oscillations in
pupil contraction oceur.. ThlS osci_llator has 'been trea.ted as a
-feedbafik 8ys tem controlling the :mtensity of light rece::.ved at the
r’eﬁ.na‘-’ (Stark, Campbell-and Atwcod, 1958; Stark and Gornsweet., |

o 1958). The feedback system variablea appear. to mclvde the

..ntqnsity of the :lnc:.d.ent light, the intensity a‘b the retina a;nd the
muscular response controlling the pupil sizes '

Althm.gh t.he next system is purely phyaical it is very similar
to biologiaal membrane systems. In this model, Teorell (1959a)
studied the behaviour of a charged artificial membrane separating
two salt soluﬁions of differént concentration. The apbliéafi:én of

direct current across the membrame results in damped or sustained
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oscillations in the potential and resistance of fhe rmembrane as
well as the hydrostatic pressure'a.nd vcluxﬁetric rate of solution
tranzfer across the meﬁlbre.né-.‘ The mechanis'l_n to'accdunt for these
phenomera involves the superposition of electrcchemical and hydro-
s'tati;: gradients across the merbrane,resulting in variation of the
methl;xfane resie‘bzm(:e ‘caused by diffusion and ele@:@smotic fluid
gtreaning. A mzltiplé 1oopb .feedback' systg:ﬁ links the membrane
resistencej, the potential, the hydfostatié pressure end the _
_elcctrosmotic streammg (Teorell, 1959b).  Kishimoto (1958) |
' Bumarises ‘the views of Frey-Wyssling (1949)a 1953, 1958), Goldacre |
- (1952), Goldacre end Lorch (1950), Loewy (1949, 1950 and 1952),,
eifriz (1942 rmd 1943) who attribute the osci_la'bory streaming
of the olime mould gm:.um D olzceghalnm to a wavg of contraction
and e:q»anaiox; of contractile pro'bein networks a.long. a gtrand of the
plasmodiup. This rhythmic defornation of the contractile proteins}
;"' Aor po. -yelectrolybe gels causes an oscillatory veriation in thiir
ionic concentration resulting in rhythmic potentials. By apnlying
an oscﬂlation in the hydrostatic pressure along a strand of the
plasmgdium, fo;'qad oscillations in the streaming and the electric
pov‘be’n'bia.lA are evokéd.. At thé natural period (several minutes),
,reaonanée occurs and the amplitudes of both the sf,réaming velocity

and the potential are gz'eatly enhanced.
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: Th° contractile protem moleculas are thovght of ag elastice-
inertm type osc:...latozs which ogcillate a.t sone. nundreds of cycles
 per second (the frequency of 'l'he wave). Phase laﬂs are poetulated
between ‘one protein osc:.llator zmd the’ next resulting in a wave
» motlor tra.vell 'an along the. protoplasmic strand. Slnc° the
vpla.smodium is spatially bounded, a stationary veve systemn of to and
fro streaming :i.: ‘set up.. | ‘The mﬁpract:.on botween tho elas’uc
‘. proteln oscillators along the strand and the motion of the whole
_protop aan could be treatcd as a feedback system ’cho gh this is
' .. probably not the mo.:t fundamental approach to ’che problem. o
| It is clear tha.t feedback systens offer a very fruitfui approa.ch‘_;
to the stu'iy of endoaenow os cn,lla‘bions in a wide varlety of.. -
,"_biological systemu.‘ Scott (1957) gnestéd that the potontial ‘
| oq(matlons produced by bean rocts could. also be caused b,] a-
closed—loop feedback syqtem of control act:.ng between certain
ph;ysiclovice.l mriables. : The suggeeted varie.bles were the electric -

f old, the auxin sunply a.nd. the permeability of coll membranes.

" In this section experiments are described which vere. devised\go test
this hypo‘bhesis. ‘

One of the standard methods of invest-ig“tinb e feedback system
is to apply gn external oscilla‘bion of varying frequency into one
of the varisbles of the feedback loop. Thé resuiting amplitude and
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pha_e responsea of all the var;ables then determine ohe properules
of the loop. A;hernatively'lf only one of Lhe varlables in the
loop can be neasured, osu:l¢ations in each of the variablea may be
' appl;ed externalgy applying the osclllat;on to only'une variable |
at a bime, | _ ' » ‘

| _ is only bioelectrxc osclllations can be observed convenlently
: for-the bean root system under 1nvest1gatlon, the lather method of‘
investlgatlng the proposed feedback loop oscillauor has been used.f

Attempbu were mnde to investigate the: propoaed feedbacx loop
‘chsrac erlstlcs by applylng an oscil_atory e*ectric f;eld to the
| lant oGt houever, chere were considerable technical d;iflculties S
invol ed in separating the appl¢ed oucillatory potential& and any "
'ubloelect;ic pcbenu$als uh_ch the p.ant m.ght produce in reaponse to
the app*ied :1e¢d. These oecunical d*&glcultles llmlted. the
 sbrength of bhe applled pOaGﬂol&l to about C.1 V- ai whlch the current
. passed through the tlasue vas only of the oraer of 1 HeBe For
tazss 1oa’curreabs a nathod of measurlng onLJ the plant's bioelectric "
“reaponse was dcnleved. f The responge hawever was 1ound to be
 ’neg11g1ble, probably becauae the applied currents were too small.

An 1nd1rect metnod of causing an- osclllation in’ the bicelectric .
potential has now besen developed.  This 1s achleved by oscillating
the osmotic p;essure of ‘the plaat root's babhlng solution. Tha

oscillation in the bloelectrlc potential probably results from
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an oscillation in the water content and salt concentration of the
outer cells of the root,. |
Experiments have been carried out also in which an oscillatory
concentration of the auxin, indole-acetic acid (I.A.A.), is - |
supplied to the root's bathing solution. These oscillaf.ions in
“guxin concentration about the root have elicited ‘oscillations in the
bioelectric potential similar to those evoked by oscillations in
osmotic pressure. - | | o
Another method of analysing a feedback system involves the
‘application of a sudden cha_n_ge in one of its variables or an
assoclated variable. The resulting transient behaviour in the
other variables of“t;heA feedback loop yields & considerable amount
bf information ;'egardjng .t.he fype of interaction between ‘the variables .
such as tﬁe delays a.nd other functional relations. Some of the.
' results obtained by this method will be described first.

2, Experimental Material and Methods

. The plants were grown in continuously circulated and aerated
tap water at 25°C. In most experiments the plants were removed
from the culture bath and set up in the bathing solution of the
measqﬁng tank only about an hour before the commencement of

e.xperé,;{ental measurements. This time ﬁould probably not allow for
o4 _

t
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complete equilibration of the plant roots with the experimental
bathing sclution. However in some series ef experiments tﬁe plants
‘were allowed to equilibrate in_'the- experimental bething sol_ution '
for fifteen hours or me_re before experimental measurements were
" begun. In most experiments 10"{'M KC1 at 25°%C was used as the
bathing solution but in s_eme cases '1,0,"1' M Geﬂl2 was used.
.In order to p_roglnce' an oscillation in osmotic pi‘essure of” the
plant's be.thing solution without changing the environment in any
other way, a soluble, unionised substance, to which ‘the @ant
membranes are practically :lmpermeable, is required.  The substance
must be unionised, otherwise the conductlvity of the plant's bathing
solution and hence the bioelectric potentials would be affected.
Since sucrose eat:.sfies these requirements it has been used in most
‘of the osmot:.c pressure experiments described in this paper. Although
plant membranes have only a very. low permeability to sucrose, it is.
~ however a physiologically active substance even in small concen-
t_rations ‘once it enters a tissue (Brown and Sutcliffe, 1950)..,
| Consequently the osmotic pressure experiments} were repeated with.
mannitol which has the advantage of being largely physiologioally
inactive as well as being a.lmost as impermeable as sucrose. .'I'he _
results obtained with mannitol and with sucrose were in ag‘eement. -
1The | ﬁ Indole-acetic acid (I.A.A.) used in these experiments
was éeiglied out',.10 Dege at a time and then dissolved :i.n 10 CeCo of
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absolute'é.lcoholé ' This was je’toi-a'd a;way from 1ight and was made up
with 10"41{ Kcl te the .required concentration on the day of usee..
While in use the stock 'Bo_ttie containing the i.A,A.'. in agueous
'solution.was shielded from nghi: to help prevent detefioratiori. The
concentmtions of I.AA. in aqueoua solution used in these experi.
ments were 10~, 1077 and 107%u. .

Fi.gure 16 shous a diagra.m of the appa.ratus uged to provide an
oscﬂlatory cencen‘bra.tion of sucrose (or I.A.A ) ina solution of .
constant KOl concentration (10™4). Tuwo constent-head supply -
 bottles, one emtaining”w"l‘-m Kcl and- M/BO sueroae, and'the o‘hher
containing only 1074 KC1' foed the two containers siown on the left
of the diag'am. The supply is ad,]usted so that the levels in each
container are a:b the same oonstant height throughout. One emd of
_ each syphon ‘tube dips into each conba:l.ner 80 that the ra.te of liquid
Bupply to the feed tubes is detemined by the height of the syphon

. tube outlet., This in tum is determined by the poa:ltion of the two

eccentric circular cams on which the rigid arms supporting tke. syphon-
- tubes rest. »

' The ea.ms are held on a s;mgile shaft 8o that they cannot rota‘be
relative to one another. Fprther,.t the cams are opposed so that when
one syphon tube is at its _greatest height the othe? is at A'its ‘1owes‘b.‘
In thia vay a maximm supply rate of sucrose plus ‘Kcl solution is



ZIGURE 16

Schematic diagram of apparatus used o produce
“an oscillatica in osmolic pressure (oscillatory
concentration of sucrocs or mannitol) or I.A.A.
‘concentration ag a bathing soluticn for the

' 918.!1'6 root@,
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delivered to one feed tube vhile & minimm supply of pure KC1
solution is delivered to the other. When the cam shaft 18 rotated
by a half revolution, the bure EC1 solution supply rate is at a
maxinﬁm while the sucrose plus KC1 solution 'sixpply' rate is at a
minmnm. In this vay & éonaﬁa.ﬁt rate of total .solution‘ supply is -
delivered via the feed tubes syphoning into the small polystyrene
| cylindér containing the bean root:; set up for ext.racellﬁlar poten'i;,ial
measuirements. By colouring one. of the solution supplies vith dye,
it has been found that adequa:be mixing of the two solu‘bion supplies ’
fed. to the plant, occurs in the polystyrene cylinder. ~ The
potential mgasuring probes placed at various d.ista.ncTes_ alang the
plent: root ave held in holes drilled in the cylindrical containers
For intracellular potential.ex'pveriments, ‘the liqﬁid from the syphon -
tubea was fed to the perspex mount on which the plant rested.
| (Section II, 2, Figure 10) N |
 The cam shaft is driven so that it advances by one hundredth
of a revolution everj time an’ electi‘ic Ampulse is applied to the
drive relay. The electric impnlseé are produéed'by an veléctronic
pulse generator, the pulse repef.itic‘m frequency of which may be
'adjusted continuously from 2 per minute to 60 per 'mim’xté.. In this
way the period of rotation of the' shaft and consequently the period

~of the sucrose (or I.A.A.) concentration oscillation may be varied
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from eﬁout' 1.7 niniites to 50 minutes. However, the range of
~ pericds was nome;iy restricted to between 2 and 12 minutes.
The phase of the applied oscillation in concentrat:.en (aucrose
or I.A.A.) is recorded on the potential chart, either for extra~
eellular or intra.cel’lulsr measurements » by automa‘éieally applying
Va voltage sufficienﬁ to defleet tﬁe peh to an off-s@e position when
tﬁe 'supély rate of sucrose (er"I;A.A.) eolution maxinises. The
total soluticn supply rate remains appr_oximately‘comstant (20. c.c.
~ per minute) (t.,hroug.hout tbe cycle. The vo]_.‘mne of the cylinder |
vsurrounding the plant’ root, for e:'rtrecelluiar’ reéerding, ‘is only
ebout 1 CeCs, and for. intracellular mea.surements, the ehannel con- |
taining the root is again sbout 1 c.c. Hence there is enly a
negligiblo phase differenee (a few degrees) between the concentration
round the plant and the solmtion supply even for pericds as chort

as 2 minutes. Fur‘bher, it may be shown that the oscillation in .
concentration deviates from the nominal value (O to ¥/30 for sucrose

or mannitol, and O to 1072, 10~/

or 107 for I.A.A.) by less than
1 percent even for f;he 2 minute period. The delay involved in the
syphon feed tubes has been found to be neglig:.ble (about 1 second). .
In some series of experiments it was required to change the
constitutioh' of fhe' plant root's bathing solution very rapidly.

Once again, since the solution supply rate was 20 cc/min. and the
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' voiume of the plant root containeronly 1 c.c. (for either intra-
cellular or ‘exhracellulax measurements), this operation could bo
accomplishea after about one twentieth of a minute. . In some of
:bthe intracellular experiments it was desuable to reduce this time
“constant still f.urthexf. Consequently in such exper:x.ments the |
channel length vas reduced and the flow rate of the solution in-
creased so that the cha.nge.could be accomplished in less ‘than a

seconde In most experiments however this was unnecessary,

3. Potential Variations Evoked by Sudden. Changes in Oghmofic,
- Pregsure and Auxin Concentration. : I

When the oaﬁo‘bie pressure of the bathing sollution'-surround:lng
the plant root is suddenly changed, there are two distinc‘b components h
in the resulting variation of the plant 's :mtracellnlar potentiala.
The first is a rapid change to a new steady level of potential.
Following this effect, the time-course of vhich is only a matter of
seconds, there is a much alc'wez" potential var:la.tionllas‘b_ing for
seve?al' minutes. This slov component often exhibits damped
oscillations of period similar to the spontaneous type described
previously in Section I, 3 and 4. The extracellular potential does
not show the rapid component, only a slow variation similar to
that for the intracellular potential appears.

5
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| - Fifrure 17 .shows the mpid in% racelluhr potential rasponge to
,sudd'en c}mnges in. osmot.ic pressure. These pet:entials, recorded
with ,r§5péct to a diétant reference, wére ﬁxeﬁéizrad iﬁ the fii'st
cortical cell mst the epidermis at three rog ions of the root viz.
“meristomatic (1.5 mm), elongating (5 mm) and mgture»c_el;s (15 mm).
‘In all 'ﬁhxee vré;g'ions a 'sudtlie# increaée’ in -omqfie, é;?essure cauges
a rapid',mcreeiéé' in the potentisl maznituds, :1.e the potential
j .becomes . n;dfe nega.tivé.bl, The potential then reache:s' 8 new steédy -
| '- value, the time constant. involved be:Lng only about three 'bo five '
»'seconds. Hhen the osmo‘bic préssure ia de»reasad the potentml (
' returns to lts o"ig:mal value again with a time constant of three to '
five seconds. - , ‘ ‘

This effect .ls read:.ly explamed in “berms of the following
general considera‘hi-cns. ~ The salt oonce*ztratlon inslde plant cells ‘
is relatively strong compared with the bathing meda.um outside
. (104‘14 KCl) This difference in ionlc ccncentration results in
'bhe nega‘b::.ve pobeﬂtial of the plant cell 's .m‘be:: ior. | If the osmotie
| ’pressure of' the bathing medium be increased, vater is extruded from
- the ceh, S0 increauing “the salt concentration of its J.nterior
This ‘Then leads to an :mcrease in the elec’bro-zzegatlvi‘cy of the
lcell.-'s ir;‘ber:.or with respect to the outside. '
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The time-ccurse of the rapid intracellular potential
raaponse to sudden chenges in osmotic pressurs.
These potentials, recoxded with respect to a
distant reference, were measured in the first
cortical cell past the epidermis at thres regions

of the root, vig. meristematic (1.5 mn. from the
tip), elongating (5 mn) and mabure cells (15 mm).

The upmrd#pointﬂng arrows Indicate a change in
molarity of sucrose from 0 to M/30 (increase in
osmotic pressure) while those pointing down indicate
o a dscreage from H/BO to 0.
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_ I‘i.gure 18 shotrs 'bhe poten‘bia) cha.nges at various depths in the . ’
ti SL& causea b:z osmotic pressure eha.nges in the e:»:tev'na] ba,thing o
| Solutmn. The pctentials uare recorded 3 mm from the root tip and
~' "'£-?01‘€: neasm*ed wit h reapect ’ao a refarence ;,robe plaued ;just outside -
Athe *Oot urface in the external bauhing sclution near where the
. probe inseﬁ.ion was. made. In ‘(his way nnly tha potpntia;! acress '
i the tissue was measured. v .
Figuv'e 18 it is seen that the potentwl ‘changes, caﬁséd bj
osmotic presaure cbanges, decraase V.‘Lth depﬁh in the tissue. _ | S
'vF\Arbhc,r th@ onset nf the po‘ben‘bi.al change. appear« to be delay‘*d as .
v' "tbe depth in the tisaue increases. ) Houever even: at a depuh of .
- 1103;.1. the noten*ia.l che.nge occurs quickly, with ver" lit'ble dela.:,r
A(t.i'me congtant of 3.%0 ". Beccnds) before e,t»alning a ‘new steady value.'
' As uell as tﬂese 'r'apid intracellular potential changes evoma ‘
'by gudden esmotic preasure changes, there are other slow var:.ations
which 1»9.31: for aeveral m.umues ra.ther than seconds ' Thia is shown', -
| ‘:m Fiﬂm‘e ;9. Aftar the :i.n:.tial ra.pid chan&,a J.n potential, .
' ‘furtner varxauon occurs in which 3.rregular, de.mped oscz.llﬂtions k
freqvenulv appsa,r. This slou variatlon tends “o oppose the e -
' in.n.t:.als .audden changa and even‘cually, after ssve al minntes, tne
potea‘bial reuums to a value closer ‘o tha before the osmotic

pressurg change occurred. This sugges‘*s tha.t there is some process



‘The tine~couras of the rapid transverse tissue
potential response to sudden changes in osmotic

pressure. These potentials were measured 3 mm.
along the root from the tip at varying depths
in the tissue.

The upwmrd-pointing arrows indicate a change in
molarity of sucrose fram 0 to ¥/30 (incresse in
osmotic pressure) while thoze pointing down
indicate a decrease from /30 to 0.
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The time-course of the slov intracellular potentisl

response to sudden changes in osmotic pressure.
These potentisls were measured in the epidermis
and the cortex at the distances along the root
from the tip as shown. The changes in osmotic
pressure are indicated by arrows éaracmr as8 in
Figures 17 and 18. '

- The time-—course of the extracellulsr potentisl .
" response to a sudden change in osmotic pressure

(molarity of sucrose soluticn changsd from

0 to /30 at dashed 1ine). The potentials were
measured at points adjacent to the root at the

distances (in m.m.) from the root tip as shown

on the potential traces.
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which controls the ‘poterﬁial at a certain value, Theae slow
'pctentlal variat 1ens ave co...pare.ble in mag_mitnae to the rapid wmtia.l
._ change. The distribution of their magnitudes 'uhroughou'b the tissue
follouws the sane patx.en* ag that for the rapwd changes. . Tha'h 3 ig,
vthc wgnimdes ere L,.rgely _pde, eno.ent of pos:t.txon amnu ‘hhca length
'of ohe root but decz'es,se with depth 5.n the 't?.ssue. ( - .
: ‘*’1gure 20 Shoa*‘ the ex&racg, Llular »potenun.a-l "'eup('x"rsé to a sﬁddezi" .'
: change in tl.e oumotlc presuure of t.xe bathmg .solutlcm. There is o
‘no rapid chzmge a., for the :Ln r&cellﬂlar potﬂn‘bla,ls 'but the slow '_
variutz.on witn damped OSClllutiOD.S Still apppar‘;.' Since the exbru;-‘ .
cellular potent:.a.ls are cauﬂed purely b,y e flov of bxeeloctric o
'cur*ent mough the res:L tlve load of the. bo,‘ohlng c'olut:x.cm, it seems
’ reaaom.ble %:o ausocmtc the rap:.d componen"o with the non-ohm:z_c :
| ’ component of tne poten“i,lu a;c::t‘::»se 'tue pls:at tissue and the alcmr
..omponent with ‘bha ohm:.c potent..a.l., ma,intamed by bioelectrlc .
currents bo*h inside and outside the root. ' |
When 'Lhe concentration of hhp auxin T.A.4. m +he root's bathing
solutlon is suddenly cha.nged, there is no 1'a.p..d ona.nge in either
the intracellular or the extrncellular powntials. Howev’er ’uhere
are slow var*atlons smila.r to ohoae for oc‘mot;i.c presuare manges,
again often exm.b:l.tmg damped osclllatlons. This is shown in
Figure 21 for the intracellular potentials. These variations again

oceur at all positions along the root but the oscillations are often



' The time-course of the intracellular potential
response to sudden changes in I.A.A. éoncantratipn.
The upward-pointing arrows indicate a change from
0 to 10°'M I.A.A. in the roct’s bathing solution,
while those point..ng down indicate a change from

10~"M to 0.

' FIGIRE_22

' The time-course of the extracellular potential
respanse to a pudden change in I.A.A. concentration.
These polentials were measured at pointa adjacent to
the root at the distances (in m.m.) from the root
tip as shown on the potential traces. The changes
in I.A.A. concentration are shown by the arrows

(2t the vortical dashed lines) exactly =s in

Figure 21,
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mors navked at the elongating region between 3 and 5 mm. from the '
root tip.

Figure 22 shovs the extracellular responge to sudden changes in
the T.A.A. comcentration of the bathing solution. These potentials
were recorded simlﬁmeously at various positions aleng the 1engf.‘bv
of the root. The potentisl variations are similar to those
recorded intracellularly, there agé.in belng no reipid. components.

The oscillations appeering In the slow component of the poltential
varictions following & sudden change in osmctic pressure or auxin
concentration are sinilar to those in transient poten'bié.ls evoked
by eﬁmjatinn the plent in many other ways (Sectioh I,4)e  then
spontaneous pohentlal oscillations occur if is found that thoy are
of the game pericd as the damped oscillaticns -appeé.ring in transient
botezxﬁi&le caused by any of the sgtimuli described in Section I, 4,

including changes in osmotic pressure or auxin concentration.

Le Potertial popse to Applied Oscililations in Osmobic Proggure

and Auxin Concentration

The effects of applying oscillations in the osmotic pressure

or the concentration of I.A-.A_. are qualitatively similar in so far

as the biocslectric potentials are concerned. For the range of-
periods used, i.e. from about 2 minutes to 20 minutes, both the
intracellular and the extracellular potentials are forced to oscillate
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(a) The extracellular potential response to
an osmotic pressure oscillation, the
period of which im cloge to the natural
period of oscillation for the plant root.

(b) and (¢) The extracellular potential respomses
to osmotic pressure oscillations of periods
considerably less than (b) and greater than
(c) the patursl period of oscillation for the -
plant rooct.

In all three caces tho potantials vere maasured at
the actively resonant (elongating) region of the
game plant root. The osmotic pressure wzs
oscillated betwsen O and /30 for the time interval
between the vertlcal dashed lines in all three cases.
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at the same 'pe_r'iod as the applied oscil_laflon' in osmotic pressure
or "I.A.A. concentration. Figure. 236,) shows the extracellular

potential response to the applicat.ion of an. osmotic pressure °

boecillation the period of whlch is close to the natural period of
) oscillation for the plant. Af'her removing the osmotic pressure
oscillation the potential oscillation is seen to continue for a
. “number of cyclee though it is damped. Moreover the amplitude
response is much greater than that in Figures23(b) and (c) where
the applied period of the osmotic ’press_ure osci]la'bion is considerably
different from that of the plant's natural p‘oten‘tiaif oscillations.
In such cases '(Figux"'esZB (b) and (c)), -the po‘bential osoillatiop '
disappeera as soon as the applied]oecillation is removed._’ The ,
resonance effect at the natural period.(Figure 23(a)) is most marked
~ in the region of cell elongation in the root.

" For intracellula.p potentials the cor:reWondin»gi results are very "
similar to those deseribed above for exbre.cellule.r ‘potentials, the |
same rescmence effect occurring in the elongating region' of the
plant root. ' o . |

The amplitude of the potential response depende on the amplitude
of the applied osmotic pressure oscillation at constant period.
Figure 24 shows the average double amplitude respense to oscillations
in the molarlty of the sucrose solution bathing the plant root. |



RIGIRE 24

The relation between the double amplitude of the
oscillatory potential response and the applied
amplitude of the csmotic pressure oscillatien.
The sucrose concentration vas oseillated betwenn
O and the pesk molarities. The oscillatory
period (3.8 min) was less than the natural
period for the plant. The extracellular
potential was measured st the actively rescnant
or elongating region of the root. ‘ '
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The KC1 concentration was maintained at 10™%M throughout and the
suercse concentration washés‘c.illatéd betﬁeén zero and the peak values
shown, “The period of the osmotic pressure oscillation was 3.8
minutes throughout. For oscillations in sucrose cohce'ntratian with
peak valués lower than 107M the extracellular potential response is
negligible. - _ﬁetween 107 and 3 x 10~ the potential response
increases with molarity and above 3 x 10‘2M it remains constant.
Since’ the potéﬁtial résponse does. not increase lbeyond M/BO and

o since this molarity is well below the plasmolysis threshold it

has been chosen as the maximum ogmotié pressure in most experiments.
" The :!.ntracellular potential responses to applied oscillations '
in osmotic pressure have been determined as a ‘funcfbion of position
in the root tissue. Figures 25 ;(_a.) and (b) show the potential “
response at varying depths in the tissue situated at 5 mm. from the
root tip. In Figure 25(a)> the int.racellﬁla.r potentials were
recorded with respect to a probe close to the surface of the root but
stm in the bathing solution near where the measuring probe was |
inserted, i.c. theée potentials are the transverse tissue i)oténtials.
The top trace in Figure 25(a) 'hon.re.ver_w'ag‘ recorded extracellulérly _
~ with respect to a distant reference electrode. In Figure 25(b) the
potentials, both extracellular (top pair) and intracellular were

measured with respect to a dist_én‘t reference. The data in
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' The time~courses of the transverse tissue potentials -
(a) and the intracellular potential with respect to
a distant reference (b) in response to oscillations
in osmotic pressure (O to ¥/30) recorded st

varying depths in the tissue, at 5 mm. along the
root from the tip. The top trace in (a) and the
firast two traces in (b) were however recorded
extracellularly with respect to a distant reference.

The data in (a) was cbtained from a different.

plant from that of (b), and two slightly dit‘ferent

applied periods of _osmotic pregsure oscillation

‘were used for the two plants. However in each =

~ case the applied period was considersbly less than
the natural period of potential oscillation for the

plant. . -

The tize at which the meximm osmotic pressure

(M/30) occurred in the cycle is indicated by the

short vertical strokes mn the potential traces..
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Figure 25(a) was obtained from a different plant from that of
Figuré‘Zﬁ(b)‘, and two bslightly different applied periods of osmotic
pressure oscillation were used for the two plants. However in
each case the applied period was considerably less tha.n the natural
periqd of potential oscj.llation for the plant, The time at which
the ma.x:hmm osmotic pressure occurred in the cycle is indicated by
the short vertical strokes on the potential traces.:

The phase of the extracellular potential oscillat:lons in .
Figures 25(a) and (b) are substantially the same, the potential lags
the osmotic pressure by é.bout 90°. However t,l'le'- phase of the
transyerse tissue. potehtj.ala (Figure 25(a)) is quite different from |
that of th‘el extracellular potentia.ls, ‘bhe transverse tissue potential
oscillations being in ahtiphase with the osmotic pressure oscillations.
That is, the magnitude bof the -transverse tissue potential maiimises
at the same time as the osmotic pressure. This is in agreement
with .the results obtained fbr sudden changes in osmotic pressure.
Further, this phase relation is largely independent of depth in
the tissue. | -

- The phase response of the mtracenﬁlgr potentié.is, recorded
with :espec‘ﬁ to a distant reference (Figure 25(b)) is different
from that of the transverse tissue poteﬁtiala and is more like the
phase of the extracellular potentials. This is to be expected since
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v theintracellular poﬁ_éhtial m.th respect 'Ec a disﬁant refe"renée is -
~'t.he sum of the appropriate transverse tissue potent:lal and the
extracellular potential (Section 1,2). |
The amplitude response in Figares25(a) and (b) raaches a
maxmmn at a dep'bh of 50y i.e. in the outer cortical cells.
'Figures%(a) ‘and (b) again show: the phase and amplitude reoponses.
o osmotic pressure osc;lllations of a _constan‘b period conmderably o
less than the natural -’éeﬁOd of the plant,. ‘These potentials vere.
recorded a’t. various positions along the plant roo‘b in both casese
. :Figure 26(3) showa the transverse’ tisaue potentmls, all reeorded _
| .at a depth of 50,1, while in I‘igure 26(b) ‘bhe intracellular poten‘bia;ls,, E "
B with respec’b to a distant reference, vers recorded at a depth of |
1008, - | ' |
‘ 'I'he phase responses are again Jargely independent of posi'tion :
' in the tissue, the tra.nsverae tissue potentials being in antiphase
with the osmotic pressure while those in Figure 26(b) show a different

o phase reap@nse vhich is however aimi'l.ar to that of’ Figure 25(b)

, The amplitude respcmse maximises at about 5 mm frem the tip in
both cases. In Figures 27(a) and (b) the amplitude Tesponse data.
of Figures 25 and 26 are shown’ as functions of position in the
| tissue. = In Pigure 27(&) both intracellular potential responses
maximise at 50p while in Figure '27(b)‘, -both rﬁaﬁmiaef at 5 m fx‘om



. The respcenses of the transverse tiasue poténtials
(q‘) and the intracellular potential with respsct to
' a distont reference (b) evoked by oscillations in
osmotic pressure (0 to 1/30) recorded at varying

- disgtances along the Tool from the tip at dep‘bhé of
504 in {2) apd 1004 4n (b). The same period of
osmotic pressure oscillation (less than the natural
periof of ogcillation for the plant) was used

' throughout (a) and (b). |

The vertical strokes on the potential traces have
the 'samgmeaning‘ as in Figure 25,
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EICURE 27

The relation between the double ampiituds
oscillatory responsc of the transverso

- tissue pobtential (dashed line, open circles),

the intracellular potential with respect to
a distant reference (full line, black circles)

~and the distance inside the root tissue (depth)

recorded at 5 mm. from the root tip. (Data
obtained from Figure 25).

' The relation between the double amplitude

oscillatery response of the trangverse tissue
potemtial (dssked line, cpen circles), the
jntracellular potential with respsct to a distant
referencs (£ull line, black circles) and the
distance along the root from the tip, recorded
at depths of 50) (dashed line, open circles)

snd 100jt (full line, black circles). (Data
obtained from Figure 26). o
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the tip. These results are similar to those of Section II, 6, in
vhich it was found that spontaneous oscillations of maximum
amplitude appeared in the outer cortex of the root's elongating

region.. |

5. ZIhe Regcnant Response to Oscillations in Osmotic Pressiure and
\ oncantrat on a.nd its elation to the ant"‘a 0: holo

_ ‘In Figure 28 the extracellular potential reeponaes to five
different applied periods of osmotic pressure oacﬁllat._ion are shown.
) These potentials ‘were recorded siumlta.neous],y at three different |
regione along the root. at all three positions, a potential
oscilla.tion is produced, its period be:.ng equal to that of t.he .
appli.ed osmotic pressure oscillation. The oscillatory response is
greater for some periods than for others, this being particularly
"~ true for the potentlal recordeq at the elongating region.

It is géﬁerally found that the amplitude responsé of the
potential at. the elongating region of the root shows a marked
resonance, the peridd at which the resonanc;e 6ccurs being the
natural period -of potential oacillation which is observed in the
plant's transient potentials. (Scott, 1957; Jenkinson, 1958 and
Section I,4).. At other regions along the oot such as the tip,
primary meristem and basal regions, the resonance is not so marked.
Further, the osci]latory potentials at these regions are substantially



EIGURE_28

; -'The eactra.cellular potenti.al responses to oscillationa
. in the osmotic pressure of the root's bat.hing solution :

(O to ¥/30 eucrose solution) at different. periodicities
" {shoun below the fimre) at i;hree regiona sf the. root

- yia. tip (meristemat:.c} elcngating and basal (ma‘hure) o
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1n antinhase with those produced at the activelv reaonant elong~
-ating region. Iﬁ appears that these otherregiong are not.ao
actively resonant, and that their potential oaciilatiqns are of a
passive type causedAlaigely_by‘return currents produgad in the
actively resqn#nt elongating region. It‘will be recalled that the
pianf ﬁisaué-axhibiﬁing séqnfaneous intracellular oscillaxions of
maximum amplitude was also the elongating regicn of the root
(Section 11,6) '

By'means of the follou1ng experiments it has been possible to
’test the hypothesis that the actxvely’resonant region is located in
the elongating zane,of the root (between 2 and 12 rm. in the bean roots
used) and not in the primary meristem nor in the regions where cell
elongation has ceaéed; First the osmotic preséuie oscillation was
set at the resonant (or'natural) period. Thié caused the plant to
produce enhanced oscillations at the same period. Three millimetres
of tiéspe from the tip end of the root were thgn‘cut avay thus
'redeng'the érimary meristam, This treatment did.not»affect the‘
response of the plant to the resonant périod‘in any_ﬁay, within one
or tﬁo_hours‘of the excisgion. However the removal of a further |
16 mﬁ. éreatly'inhibited the response to the resonant-period, and
in sums cages completely supressed the plant's potential response

to. the osmotic pressure oscillation,
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~ In some éxperiments the resonant condition was first evoled
" with most of the root (about 3 cm.) jimersed in the bathing solution.
Then the plant wes raised so that cnly the last 0 mu. remained in
the bathing solution. The Tescmant oscillabions contisued although
the background potential pattern v(ige. the sbeady" potential pattern
on which the pscil]ations are guperimposed) was diminished as in
- Figure 7 (Seé‘bion I-,B). Exciaion of the first 3 mm. fronm the tip
end again am not diminish the oscillatory potential reéponse. o

' This type of experiment waé- répeated usinglplan‘bs;t‘srivth roo‘hs. -
anly ébout 15 mm. in length. In such roots there is hardly an,)r
tissue wiﬁ.ch hes ceased ,élpn'g&ting'. These plante again exhibited
strong resonances which were not inhibited by excising the priﬁzary
méristem.s These éxperiments sb.ow convincing,ly that the elongating
zone of the roo‘b is the ac‘bively resonant region.. |

Besmant responaes, very sim:llar to those of the ext.racelluim:

potentials to applied osqillations in oamotic pressure, have been
observed vhen the =concent£atidn of T.A.A. in the bathing éoiu'i:«ion is
oscillated between gero and 10~ M. I ‘10"914' I-.A‘.A.‘ is wsed as
the peak concentration in the eycle, resonance st:z.ll occurs but
| the response to all periods of oscillation is usually mm&
coneiderably. The response to oscillations in Teh.A. with 10"’1‘4
peak concentration is smalland no res'onénce. is observed. This is
probably because at such high concentratiocns the elongaticn of the
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root is co:ﬁpletely inhibited (Scott, McAulay and Pauline.Jeyes,
1957)+  Since oscillabions between zero and 107H I.A.4. evoke
the most ma:rked effect, most of the results for I.A.A. in thig
sec'tion refer to this peak concentration.

- For the bicelectric oscilletions evcked by 1.5.A.. oscillations,
the actively resonent region is again the zone of elougating cells
in tne ‘root. The experiments described previously, in-wﬁich parts
of the root were excised while ﬁhe regonant condition wﬁs evolied
by osmotic pressure oscillations, were repeated for resonant
oscillations ovokod by I.A.A. oscil'la'bions.. Very similay resgults’
were obtained sﬁowizig that ohly the elongating regicn is sensitive
Yo auxin oscillations in gubstantially the same wanner as it is to

osmotic pressure oscinations;

Routine observations 'tof growth rate using the growth meter
described in Section I have shown that in certain isolated instances
there are irregular oscillations in the rate of grouth of the same
period as the resonant potent:lal oscillations evoked by osmot:.c
pressure or .I.A.A.. However quite frequently marked potential
oscillations at rosonance have not been accompanied by oscillations
in the growth rate. | _

‘Aln-zost all the foregoing remarks regarding resonance at the
plant's natural period and the position of the actively resonant

T



o 1.6
egion apply equally mall to intracenular potential oscillat:.ons '
evoked by applied oscﬂ]ations in osmotic pressure . and I.A.A. )

| qoncentratiqn. This. is. true for both ‘the transvérse tissue h

' potentials and the intracellular potentials. .recorded withmspec‘b

to a diata.nt reference. However it was shox-m previously

(Figures 25 and 26) that for a particular applied. period of omtic
pxéagunre oscillation Athe phase of 'f;he_transirerse 'bié_tsﬁé'pcét‘enﬁalt
was different. fioni that of the intracellular potential with respect
‘toa diatantreference. ;tt is found also Athat the éi;a_fa‘eArequnée

" of the ext.racellular ‘potentials differs from the p#ﬁéé'»ééspbnsé of
both types of intracelluiar potential to osoti pressure osofllations.
Further, both the intracellular a.nd extracellular pha,seresponses B
differ depending .qn.uhethh‘e,x"’. the ‘applied »oscﬂlaﬁion ié in .osmotic
pfeé‘suré"or L.A.A. 'concentré;fiéh. It is now proposed to describe
in de'bail these va.rious phase responass as ﬁmc'bions of the applied
pariod. ' | B '

igures 29(8) and. (b) show the amplitude and phase response of

the intracellxﬂar potential, with respect; to a d.is'ba.nt reference,
to osmot:lc preasure oscillations of varying period. These are

typical results obtained from three different plante. The potentials
/

.."
r/-l



EIGIRE 29

" (a) and {b) The relations between the double
amplitude (a) and the phase (b} responces of
the Sntrocellular potential with rospect to
a distant reference and the applied perlcd of
osmotic pressure oscillstion (0 o w30
sucrose solution) for three plents. The
potentinls were recorded at 5 mm. from the -
root tip in all three casez. For two )

. plants (black cirecles and open squares) the
potentials wers recorded at a depth of 50p
and for the other (open circles) at 100

{¢) The phasc respomses of the intracellular
 potentials with respect to a distant reference
for a number of plants (differenmt symbols for
each) to applied oscillations in osmotic
pressure (0 to M/30 sucrose soluticn).
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| were recorded at depths of 50;& and ' 100}5 all at 5 mm. from ths root
tip. Tw_o of the ampln.tuds respanses exhib_it resonances,,, one stronger
than the other, while the other does mot. Far the less narked of
the two xzesonant'cssss and for the non~resonant case there is no
.spprsciable change in the phase -ang'ls as the period of the applied
osﬁlo‘bis prssssre"cssﬂlat'iqn is shanged from 3 to 12 minutes. For
the more stromgly rescnant case the phase angle changes from a lag
to adlight lead at 6.8 mimtes and then at longer periods it returns
to a lag, not .suﬁstaﬁtial]gr‘differ’snt from that at short periods.
_ It is 'gén'erally found that the more"s'trongly resonant csses
yield more complex phase responses, such as that in Figure 29(b),
than the less resonant cases do. "1 Figure 29(:;‘;1e pﬁsse response
data. for a number of pléuiﬁs showing little or no resonance, In t.his
case the phase angle is plotted as a lead instead of a lagas in
F'iguxe‘.29(b).; The reason for this will be apparent when the phage
relations for the transverse tissue potentials and extracellular
potentisls are deacribed. In Figure 29(c) it is apparent that the
pnase a.ngle does rot change appreciably as the period is varied from
-about 3 minutes to 12 minutes, passing through 'hhe natural periods |
af oscillation for the plants (usually between 5 and 7 minntes) .
| I‘iguresBO(s) and (b) show the corresponding a.mplitude and phase
responses for the transverse tissue potentials to oseillations in



The relations betwsan the double amplitude (a)
and the‘p‘hasé (b) reaponses of the transverse
_ tissue potentials and the applied period of
oamotic pressure oscillation (0 to ¥/30
sucrose scluticn) for two plants. In beth
cages the potentia.ls were recorded at depths
of 504, Smm: from the root tip.
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osmotié vpres'sure‘ of varying ;zpplie_d period. -'Results from two.
'hyp‘ical plants are shown, ome of the resonant type. and the other.
showing no apparent resonances In both plants the éoﬁentials vere
measured at 5 mm. .from the root tip and at a depth of 50i. . The
potentials were measured with respect ’l:.o & probe placed close to
the roéot near where the mic:oélectrode insertion was made,

~ These phase relations are typical of transverse tiséue potentials
evoked by osmotic pressure oscillations, the potential being su;ta-

" gtantislly in a.ntiphase with the osmotic pressure irrespectlve of
- . ‘the applied perilod of .Qsci]lation. Even for strong rescmances 'bhe N
phase angle does not change with the applied period as it did for
the intracellular potentials measured with respect to a distamt
.referénce.;, . | | o

This is %o be‘.expeéted since it was found that the delay between

a sudden change in osmotj.c. pressure and that in _the intracellular
potential is enly a few seconds (Figures 17 and 18), the,boteﬁtial
becoming more negative ag the osmotic. pressure is increased.’ Since
thie time delay is negligible compared with the applied periods of
oscillation, the potential would be expected to reach a maximum
negative value when the osmotic pressure maximises i.e the transverse
tissue po‘benﬁia.l’ oscillation would be in antiphase with the osmotic

pressure oscillation.
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'Although the amplitude response of the extracellular potentials
to osmotic pressure oscillations of va;rying period. is essentially
the seme as that for the intracellular potentials the phase response
for the eﬁzti‘ac.ellular* potentials is ﬁmdamentally d_j,ffer_ent, This -
is illnstrated in Figure 31 which shovs typical amplitude and phase
res;appgeo' at the .actively»;‘eaonaot (elongating) regions for plants
sﬁﬁjecﬁbed to oscillations in osmo’tic pr_eégure.- The natural periods -
of oscillation, obtamed fron transient potentials fo;' each of the
. pla.nta énvolved, are indicated on the period (T) axis. The
I resonant period ig in agreement with the natural oscillatory period
for each plant. S '
;. . It is apparent that the phase angle changes as the period
increases, the greatest rate o_f phase.ch;a.nge bemg near‘ the resonant
period. At short periods, i.e. less than the ‘resoﬁant or natural
period, the extracellular potential lags the osmotic pressure by
a.bont 90 While at long periods the poten‘bial is in antiphase with
the .appl_igd oscillation in osmotic pzessu_re.,  The continuous phase
change- from short to long periods is 2“7.'00 or three right angles.

- In Figure 32 the ampl:.tude and phase reaponses to applled
oac.ﬂ.lations in osmotic pressure are ahowm for typical plants on _‘w‘ :
an harmonic vector response d:,agram. Again it is evident that
there is a change of phase angle of three right angles (approximately)
from short to long periods, the rate of change of phase angle with



The relations between the double amplituds (a)
and the phase (b) responses of the extracellular
potentials at the elongating regions and the
period of oemotic pressure oscillation (0 to ¥/30
sucrose solution) for two plants. The natural
periods of oscillation for the two plants are
shown en the period axis of (a)e
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Harmonic vector response diagran of the double

amplituda and phase responses of the extra-
~ collular potentials at the elongating regions
.of two _plants to eoscillations in eosmotic .
pressure (0 to /30 sucrose sclutiom) at the
periods (in mi:m‘bes) shmm beside the poin‘ba
plotted'r '
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period be:!ng grea.test near the resonance. “

Figure 33 shous typical amplitude and phase responses of the
extracellular potenjbia.ls," recorded at tha. elongating regions, for
typical plants subjected to oscillations in I.A.A. concentration.
Onee again resanances occur at the natural periods, and the phase
ané;e changes rapidly with period near the reéonancfe. However,
in contrast to the osmots.éauy evoked potential oseillations, the
potential 45 in phase with the I.A.A. oscillation at short perieds
although at long periods it is again in antiphase. The change in
phase gz;glé fram short to long period is thus only two right angles
in contrast to three right angles for the extracellular potential
response to osmotic pressure oacillati‘pﬁs_. o

In contrast to the corresponding esmotic pccéssure effects,
‘the intracellular potential response to applie@ oseillations in -
T.A.A. concentration is the same as that for the extracellular
potential response. This is illustrated in Figure 34 which shows
- the phase response of the transverse tiséu.e potentials to oscillations
dn T.A.A. coneentra,tion for two typical plants.

In Figuve 35 tiiej amplitude and phage responses evoked by
oscillatioﬁs‘ in I.A.A. concentration are shown for typical plants
on an harmonic vector reéponse diagram. Ths change in phase by
two right angles and the rapid phase change with period near the

resonance are again the main features.



The relations betwsen the double amplitude (a)
and the phase (b) responses of the extracellular
potentiale et the elongating regions and the
o peried of oscilla‘bim of I.A.A. ooncemtratim
(0 to 107 %) for two planta. “The ‘natural periods
- of oscillation for the two plants are shom on
‘ '_the pez'ioﬂ axis of (a).
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The relaticns between the phase respenses of the
transverse tissus potentials and the period of
osoillation of I.A.A. solution concentratien
(0 to 1077M) for two plants.  The potentials

© were measured at depths of (=) 1004 and (b) 1504, -

both at 5 mn. along the root from the tips

: Earmmic vector rasponse dmgmm of the double

- amplitnds and phage responses of the extra-

cellulsr potentisls st the elongating regions of
two plents to oscillations in I.A.A. solution -
concentration (0 to 107 M) at the periods (in
_ mﬂnuten) shmm beside the points plotted.
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" In Seotion III, 5, Figure 28, it was.seen that the phase of
the forced potertial oscillations varies from point to point along
the plant root, the oscillatians produced at the elongating region .
_ being substantielly , 'ﬁhougl; not exactly, in autiphaese with those.
observed at the more pessive regions. Hence if phase response
curves such as those in Figure 31(b) were drawm for the potential
responses at the passive regioms, these curves would be displaced
by eboiit: 180° iwﬂ.jbh respect to those in Figure 31(b) for the
ej.oﬁgatn’ng rg’aginn.. The phase curves for the passive regioms,
.hcwemry, still show the same phase change (about 2;70_°.) from short
"to long period. - Im aomé cases even the phage curves for the
clongabing regions of different roots are displaced somewhat with
regpect to one another although each still shows the same phase
change (about 270°) from short to long periods The curves in
. Figure '31(1)). however are the most.common type for the elangating
or acbively rescnant region. Consequently to clarify the comparison
between phase curves for'a number of different plax:ms',‘ they have
bizen nomaliged go that the phase angle at long periods is +180°,
This comparison of such normalised data is shown in Pigure 36(a),
" different symbols being ﬁsed to denote different plants. :

Figure 36(b) shows the phase results for the extracellular
potential re-apohses for a number of plsnts to I.A.A. concentration
oscillations. | Again the phase angles for each plant have been



The relations between the normalised (see text p.53)

. phase respanses of the extracellular potentials and

the period of oscillation of (a) osmotié pressure

"~ (0 to ¥/30 sucrose saluticn) and (b) I,A.A. solution

: Goneentration (0 to 107 M) at the elongating regions
' ‘of a nusber of plants (reprasented by different '
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normalised o thet the long period phase responses are the same,’
viz. *1‘8@0; Figﬁ;i‘e 35 agzin shows the contrast between the [Shase
' 'z‘es_ponses to oscillations in eosmotic pressure end 'I..A.A,,. concen—
 tration, | |
- The close corrsla. bion beﬁ:een tae natural perio& of oseillation, -
obtained from transien’&' potentials, and the roscnant psriod has
besn mentianed proviously in his soction. In Figure 37 tho
, -rgsc)nant periods Ty are shown plotted agaiz;st the natural periods
‘Tm sach pomt regresenting one plant. In Fig«xre 37(a) the
rssonuncss were evoked i.n the ox'tracellular potentials by oscﬂlatmg
the oamo’cz.c prossure wh:l.e in Figure 37(b), by escillatiag the »
_I..'é..A.. cancsntmti;on.. ‘There is a fairly close oné to one coz_';rel'a'bion :
' between the resonant and natural pericds in both cases. | |

For both intraccllular azidv extracellular potentials there is |
comailerable variao_li ty both in the Sharpness of the re..onances |
fo: different plants and in the demping of the transient oscilla-
tions of the natural period. For somc plants there is no |
appreciable resonance oven at the elongating region of the roote
These same plants usually do not exhibit osecillations in their
. trensient potentials or at best, the osdillations are heavily
damped. Approximate logaritbmic docrements as high as 0.9 have
been ob’{'.aizied. for these transient oscillations. &t the other

extreme, some plants exhibit amplitudo responses up to five times



The relation between the resomant period {Tr) of the
extracellular potential and the natural period of
potential oscillation. In (&) the potential
oscillations were evoked by oscillating the osmotic

. pressure {0 to ¥/30 sucrose solution) while in (b)

by oscillating the I.A.A. solutim concentratdm
: (0 to Tﬁ ﬁ) »
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greater at the resonant or natural periocd than they do st short and
long periods. The transient potentials of these plants often show
marked ’osci.llat_;ions which are only very lightly &amped, and in soin,e
'cases spontaxigoué oscillations a@pea:é. The logarithmic decrements
in such cases are negligibly small. |

7. The Effect of Replacing Potagsium by Caleium

Some limited experiments were undertaken to investigate the
effec’cp of diffarsnt ion species in the: plant'a bathing soluticn,
on tha osuz.l..a‘ac‘,y bmalec‘hric potentials I‘rom such an investi- |
gatiqn it might be @qvec’ced that knowledgs would be gained ,regard—
ing specific fons carrying the oscillatory bioelectric currents,
cr specific ions imvolved in the physi&dlogical systém responsible
“for the potential oécilla'bione. In particular, it ig of consider-
ablé»in‘c.,érest to determine what effect replacement of potassium by .
| a divalent .cation, such as caleium, has om" the amplitude and phase
rooponses of the plant potentials to applied oscillations in osmotic
pressuve and auxin concentration. This interest ariges from the "
fact that the effect of muxin on coll walls is intimately connected
with At'he presence of monovalent or divalent catioﬁs in the pectic
cmpm@ts of cell walls. (Tagawa and Bonner, 1957; Adamson and
Adamson, 1958 Van 'Overble:k, 1959) .
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‘In all ‘bthe expermenhs descr:wed 80 i’ar a- solut:.oﬁ of
10"1*1 KC1 was used as te roa‘u‘s ba’ob;ng med;u‘, the omn.llat.r.ons
. in sucrose or mannitol coneentratlon (for osno’a:xc pressure) and

' .;.&.A. concenomtloﬁ bemg ef i‘ee’blvely superampo.:ed on the cong’ vant

“backgroumd 10""‘*4 KCJ. salut;on. ' In 901118‘ cases the plant wag allowed

. Lo equ:n.llb.'&te in this ba.tﬂ.mg soluo.n.on for fifteen hoars .or more -
| . before * tile wmwwmmt oi' e&pe:meﬂud. The phase and ampl:.tude‘

" iespcu;ses -o.u these 0] a.nbs to osullations in osmotlc pressure and o
.L.&.A. cc._eemraxm were ‘the Scuﬁ& 8..‘.3 taose :£’01 plaxxtb whleh vere
: .dJ.'Lowecl o eqviln.brate 1‘01 only abnut one Lour a.f‘ber 1e‘moval i‘rom
. .10 ‘Lap-ma.ue.s aulture n_o&wzn. TL.LS wggests ‘hhai: the ba.aelec‘hrlc
| responses dae.cmoed ave mdupeudent of ﬁhe presence or abaence of :
various ion species left in i‘.he rootgm.sage,. or:x.gmgl._‘i.y pbtained
- from he'te.p.wém culture medimn, However, it is écssibla that -
| in bota cages (mor“o and long @qmllbrat...on time in 10"411 XC1L)

a vameoy of im apeca.es freom ‘the cor,y.'.edon mterml wera avaJ.lable
ito bhe T00t *bhx ou.gaou thé expermen'ts

- .11 scae series exper.:.me.ms planta vere f_rot equﬁ.lbrated
;':Z.n 10 ‘M Ca012 for fifteen hours or more bei‘ore the oao:.llabmns in
osmot.:.o pressure or I.A.. concentration were a*nplied, the background
solution gtill being 10N Ca€l,. The anplitude and phase respanses
t§ ‘08IG uic pressure a.na I.A.A. oscillations were the sane under

these conditions (Figure 38) as those already described in 'whicn; a



The relation between the phase responses of the ext.ra--
. esllular potentials at the elongating region and the
period of eoscillation of (a) osmotic pressure .

N '!;GK/BO) and (b) ToAeks soluticn eoncanmtion

%o o 1077M) &

. In both coses th.e bat;kgmund bathing solu:bicn was
- 10™% CaCl, snstead of 10°% K1 as inanl pwvioua
experiments of this type. S
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background bathir-gg- solution of 1072 KC1 wes used throughout.

_ These resulls suggest that the osci}ldtor;; blcelectric currents
end the "nhysioloeical syston rospansiblo for the potontial
.OSCJlld-tlu 5 arv nct dependent on whether tbe cabion in uhe bathing

c'! uticn or 'E;he root i:;.ssae).w noncvalcnt or Givalent. _This :

.Lad: will be dlscubraed later in more detail The- effect of dii’ferent

aniong uas uO Buu&iﬁ‘éo

G Dismssion of & Theorebical Ei-éedback ;Lbop Ogccil]_gg:or
| It is now pscoposed to show that the amplltude and phase
| ‘relations of the b:.oelectilc poten'i.ials m.uh r'espect to the appl;.ed

osc.Lllat.Lons in oamot:.ﬁ preswre orx a.uxin concenurat.:.un mag be

| expla.med in terms of a closed fee&baok loop connectmg ‘the bio-'
elec’brlc f:.eld to o‘i‘.hez phys;.olog:i.eal variables. Very frequently
in p]:wsmlogmal systems, a sudden change in one variable causes
anothex' varmble to change to a new va.me in an exponmtlal ma.nner.,
“Tne tine constant T* of this exp